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Abstract -- Energy storage is generally recommended in 
presence of an intermittent source like wind farm for a better 
control over the power generation from the wind turbine with 
the variation of the wind speed. In this paper, the potential of 
plug-in electric vehicle parking lot (SmartPark) as an energy 
storage in a power system with a large wind farm has been 
investigated. Also, a fuzzy logic based coordination controller of 
the wind farm and the distributed SmartParks has been 
proposed in this paper. The fuzzy controller uses the total state-
of-charge of the SmartParks and the difference between 
instantaneous demand and the available wind power generation 
as the inputs and thereby generates the charging or discharging 
power commands of the SmartParks and the pitch angle 
reference for the wind turbine. A 12-bus multimachine power 
system with a 400 MW wind farm is used as a test system. Six 
SmartParks are also connected to the same bus where the wind 
farm is connected. The entire model is developed in Real-Time 
Digital Simulator (RTDS) for power system. The results 
demonstrate the action of the coordinated controller to reduce 
the oscillations in the tie-line power flow with the sudden 
variations of the wind speed. 
  
Index Terms-- energy storage; fuzzy logic controller; plug-in 
electric vehicles; SmartParks; wind farm 
I.   INTRODUCTION 
The penetration of renewable sources of energy is 
increasing rapidly all over the world. Among various sources, 
the growth of wind power has superseded the others 
especially in Europe and United States [1]. The main 
disadvantage of wind power is its intermittent nature. The 
power generated from wind farm varies with the wind speed. 
If the wind speed is low, generally the maximum possible 
power is extracted from the wind turbine corresponding to 
that wind speed. If the wind speed is high, the pitch control is 
active to limit the power generated from the wind turbine. 
Now, if the wind farm is connected to the grid, this kind of 
fluctuation in generated power from the wind farm may cause 
stability problems in the system. One way to solve this 
problem is to use additional energy storage device. Generally 
the energy storage devices like batteries or ultracapacitors are 
connected to the dc link in between the rotor side and grid 
side inverters of the Doubly Fed Induction Generator (DFIG) 
through a dc-dc converter [2]. With this energy storage, a 
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better control over the power generated by the wind farm can 
be achieved. But, if the wind farm is large and consists of 
several DFIGs, then each DFIG has to be equipped with one 
energy storage device and one additional dc-dc converter. 
This will increase the cost and also require a more complex 
control strategy. 
As an alternative approach to solve this problem, the use 
of plug-in vehicle parking lots (SmartParks) for energy 
storage is proposed. The number of plug-in electric vehicles 
(PEVs) entering into the market is increasing and many of 
these vehicles are supposed to participate in vehicle-to-grid 
(V2G) power transactions in the proposed smart grid 
infrastructure, where bidirectional power flow between the 
vehicle and the grid will become very obvious [3-4]. In that 
scenario, it is quite reasonable to assume that the plug-in 
vehicle parking lots or the SmartParks can be used as energy 
storage and with a proper coordination with the wind farm, 
they can minimize the shock on the system due to the wind 
gust, reduce the congestion in the transmission lines and also 
improve the stability of the system during rapid fluctuations 
in wind speed. 
The coordination of the SmartParks with the wind farm 
can only be achieved with a proper control strategy. This 
paper proposes a fuzzy logic based controller which uses the 
difference between the demand and availability of wind 
power and the overall state-of-charge of the SmartParks as 
inputs and based on some rules, generates the charging or 
discharging power commands for the SmartParks and the 
pitch control reference of the wind farm. In this paper, the 
standard IEEE 12-bus multimachine power system is 
considered to be the test system, where, one of the hydro 
units is replaced by a 400 MW wind farm. Six SmartParks are 
modeled in such a way, that each of them can deliver or 
absorb 20 MW to or from the grid respectively. These 
SmartParks are connected to the same bus where the wind 
farm is connected. The entire model is developed on the 
Real-Time Digital Simulator (RTDS) platform and the fuzzy 
controller is implemented on a DSP. 
The rest of the paper is organized as follows: Section II 
describes the overall test system, the modeling and control of 
the wind farm and the SmartParks. Section III explains the 
fuzzy logic based coordinated control strategy proposed in 
this paper. The results and discussions are presented in 
Section IV. Finally, conclusions and future work are given in 
978-1-4244-6395-4/10/$26.00 ©2010 IEEE
 Section V. 
II.   MODELING OF TEST SYSTEM 
A.   Modeling of the overall system 
The overall test system including the wind farm and the 
SmartParks is shown in Fig. 1. The 12-bus system was 
proposed in [5] to evaluate the effects of FACTS devices in 
the transmission level. The system has four generators and 
three interconnected areas. Generator G1 represents the 
infinite bus. In a typical city, there will be several SmartParks 
distributed throughout the city in distances of one to few 
miles. In order to represent this, six three-phase PEV parking 
lots (PL1 to PL6) are connected to bus 13 in Area 2 of the 
system. Bus 13 is an additional bus added to the original 12-
bus system in order to connect the PEV SmartParks. Bus 13 
is connected to bus 6 through a 22 kV/230 kV step-up 
transformer. 
B.   Modeling of the wind farm 
The wind farm is equipped with a DFIG. It uses back-to-
back PWM converters for variable speed wind power 
generation. The control objective of the grid side converter is 
to keep the dc link voltage constant regardless of the 
magnitude and direction of the rotor power. A stator oriented 
vector control approach is used where the direct axis current 
is used to control the dc link voltage and the quadrature axis 
current is used to control the reactive power and in turn the 
voltage at the point of common coupling. The control strategy 
is similar to [6]. The only difference is an additional PI 
controller is used to generate the reactive power command for 
the grid side converter from the voltage error signal. The 
objective of the rotor side converter is to control the active 
and reactive power from the stator. This is achieved by 
putting the d-axis of the rotor reference frame along the stator 
flux vector. The q-axis current reference is generated directly 
from the commanded electrical power and the d-axis current 
reference is generated from the stator reactive power 
command. The electrical power command is generated from 
the optimum operating point tracking strategy discussed in 
[6], when the wind speed is below a certain value. The pitch 
control does not work at that time and the wind turbine 
captures maximum possible energy at that wind speed. But, if 
the wind speed goes beyond a certain value, the pitch control 
limits the power generated by the wind turbine. The rotor side 
and grid side converter control strategy is shown in Fig. 2. 
The data for the 400 MW wind farm is taken from [7].  
C.   Modeling of the SmartParks 
The SmartPark model in this paper is represented by a 
battery followed by a bidirectional three phase inverter (Fig. 
3) [8]. The inverter generates a 2.08 kV three phase line-to-
line rms voltage which is then passed through a 2.08kV/22kV 
step up transformer and connected to the SmartPark bus (bus-
13 in Fig. 1). Between the inverter and the transformer there 
is a small (0.5mH) inductance. The control of the inverters is 
designed in such a way that each inverter can draw ±20 MW 
of active power. Considering each vehicle can draw ±25 kW, 
each SmartPark in this paper represents 800 vehicles 
aggregated together. Here ‘+’ sign means the vehicles are 
selling power to the grid, i.e. they are in discharging mode 
and the ‘-‘ sign indicates that they are buying power from the 
grid, that means the vehicles are in charging mode. The 
control strategy for the PEV is presented in Fig. 4. In d-q 
reference frame, the active and reactive powers coming out of 
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Fig. 4. The current control strategy for the SmartParks 
 )()2/3( dsdsqsqs ivivP +⋅=                                                (1) 
)()2/3( qsdsdsqs ivivQ +⋅=                                                (2) 
In synchronous reference frame the peak line-to-neutral 
voltage is in the q-axis and 0=dsv . Therefore, the basis of 
the control is to command the currents in response to 
demanded power as 
)()/()/()23/2( *** PPsKvPi ipeakqs −⋅+⋅=                  (3) 
)()/()/()23/2( *** QQsKvQi ipeakds −⋅+⋅=                  (4) 
The first component of (3-4) is based on the power 
equations (1-2) where vpeak is a filtered version of the line-to-
neutral rms voltage.  This portion creates quick response to 
sudden changes in commanded power.  The integral term 
trims out the steady-state error.  As shown in Fig. 3, a limit is 
placed on the commanded current and this is used to prevent 
integrator windup.  The commanded q- and d-axis currents 
are then transformed to a-b-c variables where delta current-
regulation is used to control the converter transistor switches. 
The entire system is modeled on a real-time digital 
simulator (RTDS) platform. The simulation of the DFIG, the 
rotor side and grid side inverters and the vehicle inverters – 
all are carried out on the giga processor RTDS cards using 
small time step (1.5 µs) simulation. 
III.   FUZZY LOGIC BASED COORDINATED CONTROL 
The basic idea behind this control is to use the SmartParks 
as energy storage devices. The energy storage devices can 
reduce the shock on the system when there is a drastic change 
in the wind speed. Moreover, with an energy storage device, 
the limit on wind power generation imposed by the pitch 
control during a wind gust can be increased and thus a more 
optimal utilization of the wind energy can be achieved. Now, 
the maximum possible amount of charging and discharging 
by the parking lots will depend on the state of charge of the 
batteries of the plug-in vehicles present at those parking lots 
at that particular moment. Therefore, a continuous monitoring 
of the aggregated amount of state of charge of the parking 
lots is necessary for this control strategy. Not only that, a 
continuous monitoring of the demand of wind power is also 
needed for the controller. This demand is compared with the 
actual wind power generated by the wind farm at that instant 
and the difference is used as one of the inputs to the fuzzy 
controller. Based on these two inputs, the controller outputs 
the charging and discharging commands for the SmartParks 
and the pitch angle reference for the wind farm. Fig. 5 shows 
the schematic diagram of the coordinated controller. 
The variables, e.g. the demand and the available wind 
power, and the overall state of charge of the SmartParks – all 
of them vary dynamically in a random fashion in a practical 
power system and the range of variation is also quite large. 
Moreover, it is very difficult to find out a definite 
mathematical relation between these variables and the control 
action generated by the controller. Therefore, it is almost 
impossible to design a classical controller for this kind of 
coordinated control. The only thing an engineer can derive 
from practical knowledge is a set of rules which relate the 
variables with the control action. Due to this reason, fuzzy 
logic controller is the most suitable controller for this 
particular purpose. A typical fuzzy rule can be as follows: 
 
If the difference between available wind power and the 
demand is negative big and the overall state of charge is 
medium then the SmartPark power command is positive 















PW - PD 
 
Fig. 5. Fuzzy logic based coordination controller 
 
Here, positive big, very high, etc. are linguistic variables to 
qualify the input and output variables. All inputs to the fuzzy 
controller in this paper have triangular membership function 
with five linguistic states. The first input, i.e. the difference in 
available wind power and the demand is denoted by (PW – 
PD). Considering the average wind speed of that area varies 
from 9 m/s to 13 m/s, the variation of wind power generation 
is in between 180 MW and 430 MW. The demand is also 
assumed to vary in the same range. Therefore, (PW – PD) 
varies from -250 MW to +250 MW. The entire range is 
symmetrically distributed between five membership 
functions, such as: Negative Big (NB), Negative Small (NS), 
Zero (Z), Positive Small (PS) and Positive Big (PB). The 
other input, i.e. the total available state of charge of the 
SmartParks is denoted by SOC. In this paper, it is assumed 
that the charging and discharging of the SmartParks can 
occur only when the SOC is in the range of 20% to 80%. This 
entire range is symmetrically distributed between five 
membership functions as: Very Low (VL), Low (L), Medium 
(M), High (H) and Very High (VH). The input triangular 
membership functions are shown in Fig. 6.  
It has been shown previously that Sugeno fuzzy model is 
effective for dynamic control actions [10]. Therefore, in this 
paper zero order Sugeno fuzzy model is used for calculating 
the outputs of the fuzzy controller. Each output has five firing 
strengths which are also symmetrically distributed along the 
entire range. The first output of the fuzzy controller, i.e. the 
pitch controller reference varies within a narrow range of 
 1.15 to 1.25. Without the fuzzy controller, the default value 
of this reference is set at 1.2. This output has five firing 
strengths denoted by Very Low (VL), Low (L), Medium (M), 
High (H) and Very High (VH). It is mentioned previously that 
each SmartPark can deliver or absorb +/-20 MW of power. 
Therefore, six of them as a whole can deliver or absorb +/-
120 MW of power. Due to this reason, the second output of 
the fuzzy controller, i.e. the power command for the 
SmartParks also ranges in between +/-120 MW. This output 
also has five symmetrical firing strengths as Negative 
(charging) Big (NB), Negative Small (NS), Zero (Z), Positive 
(discharging) Small (PS) and Positive Big (PB). For each 
output, there are 25 rules. Therefore, the fuzzy controller as a 
whole has 50 rules. The rules for each output are shown in 
Tables I and II respectively. The rules generate the weights to 
each output firing strengths and the final output is calculated 
by center-of-area method. 
NB NS Z PS PB 
-250 +250 0 
VL L M H VH 
0.2 0.8 0.5 
a) Membership function of first input (PW – PD) 
b) Membership function of second input (SOC)  
Fig. 6. Input membership functions 
 
TABLE I 
RULE BASE FOR PITCH CONTROLLER REFERENCE 
SOC PW – PD NB NS Z PS PB 
VL VH VH VH VH VH 
L VH VH VH VH H 
M VH VH VH H M 
H VH VH H M L 
VH VH H M L VL 
 
TABLE II 
RULE BASE FOR POWER COMMAND OF THE SMARTPARKS 
SOC PW – PD NB NS Z PS PB 
VL PB PS Z NB NB 
L PB PS Z NB NB 
M PB PB Z NB NB 
H PB PB Z NS NB 
VH PB PB Z NS NB 
IV.   RESULTS 
The 12-bus power system, the wind farm and the 
SmartPark models, all are implemented on a RTDS and the 
fuzzy logic based coordination controller is implemented on 
an Innovative Integration M67 DSP card which is based on 
the Texas Instruments TMS3206701 processor. The M67 
card operates at 160 MHz and is equipped with two A/D and 
two D/A conversion modules and is interfaced with the 
RTDS as shown in Fig. 7. The analog signals (PW – PD) and 
the SOC are sent by the RTDS to the M67. These are 
converted to digital signals through the A/D block of the DSP 
and are used to calculate the output of the fuzzy controller. 
These output signals are sent to RTDS as analog voltage 
signals in the range of ±10 Volts. These voltages are scaled 
proportionately inside the RTDS and used as the pitch 
controller reference for the wind farm and the charging 
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Download
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Fig. 7. Laboratory hardware set-up including RTDS and DSP 
 
In order to demonstrate the effectiveness of the proposed 
coordination controller, following three case studies are 
presented.  
A.   Case Study 1 
The first case study is presented in Fig. 8. Here, the 
demand of wind power is set at the value of 350 MW and the 
initial SOC is considered to be 50%. The initial wind speed is 
11 m/s. The system is first run without the fuzzy controller. 
The power generated by the wind farm at this speed (with the 
pitch controller reference set at 1.2) is 345 MW which is 
almost equal to the demand. Now the wind speed is suddenly 
changed to 13 m/s. The wind power goes to 390 MW and this 
creates a sudden change in the power flow through line 1-6 
and line 6-4 and the power flow oscillates for few seconds 
due to the large time constant of the pitch controller. The 
similar study is carried out with the fuzzy controller. Initially, 
when the wind speed is 11 m/s, the fuzzy controller is 
 switched on. According to the rules shown in Table I, the 
pitch controller reference is changed to a higher value of 1.25 
in order to capture more power from the wind farm. Now, the 
wind speed is changed to 13 m/s and it is observed from Fig. 
8 that the steady state power obtained from the wind farm is 
almost 430 MW, which is much higher than that obtained 
without the controller. Also, as soon as the wind speed 
changes, the value of (PW – PD) increases, which commands 
charging of the SmartParks following the rules given in Table 
II. Due to the use of the SmartParks in charging mode, it is 
observed that there is almost no change in the power flows 
through lines 1-6 and 6-4. Thus, the fuzzy coordination 
controller can perform as shock absorber. The entire 
oscillation in the power generation by the wind farm is 
absorbed by the SmartParks and the tie-lines do not 
experience any of those oscillations. During this charging 
period, the SOC of the SmartParks steadily increases which is 
shown in Fig. 9. 




























































































without fuzzy logic control
with fuzzy logic control
Time (sec.)  
Fig. 8. Performance comparison with and without fuzzy logic controller for 
demand = 350 MW, SOC = 50% and wind speed changed from 11 m/s to 13 
m/s 
 
B.   Case Study 2 
Now the demand is changed to 400 MW in real time. The 
fuzzy controller changes the power commands of the 
SmartParks accordingly. The pitch controller reference is still 
maintained at high value of 1.25 according to Table I. After 
this, the wind speed is now decreased to 11 m/s. The 
generated wind power now comes back to 345 MW as before 
making (PW – PD) negative. As soon as (PW – PD) becomes 
negative, the fuzzy controller switches the power commands 
of the SmartParks from positive to negative changing the 
SmartParks from charging to discharging mode. As a result of 
this, there is again almost no impact on the tie-line power 
flows. Fig. 10 compares the performances with and without 
the fuzzy controller. It is observed that without the controller, 
when the wind speed falls, there is a significant change in the 
power flow through both the tie-lines. Also, it is observed 
that since the SmartParks changes from charging to 
discharging mode, the slope of the SOC changes as shown in 
Fig. 11. 
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Fig. 9. The SOC during Case Study 1 




























































































with fuzzy logic control
without fuzzy logic control
Time (sec.)  
Fig. 10. Performance comparison with and without fuzzy logic controller 
when demand changed to 400 MW and wind speed dropped from 13 m/s to 
11 m/s 















Time (sec.)  
Fig. 11. The SOC during Case Study 2 
C.   Case Study 3   
As a third case study, a very high value (70%) of initial 
SOC is considered. At this high value, the SmartParks cannot 
command high charging power because, as soon as the SOC 
will reach 80%, the SmartParks will stop functioning as 
shock absorbers. Here the demand is assumed to be very low 
(180 MW). The available wind power at 11 m/s (345 MW) is 
already very high compared to this demand. Now, the wind 
speed is further increased to 13 m/s making the difference 
(PW – PD) to be very high. The performance with and without 
the fuzzy controller is shown is Fig. 8. It is observed that 
without the fuzzy controller, the wind power increases to 390 
MW and as a result, the power flow through the lines 1-6 and 
6-4 oscillates with very high amplitudes. Now, with the same 
initial condition, if the fuzzy controller is switched on when 
the wind speed is 11 m/s, a certain portion of the excess 
power is used to charge SmartParks making the steady state 
values of the tie-line power flows to be different from the 
previous situation. Due to this reason, in Fig. 12, the tie line 
power flows does not start from the same initial condition. 
The pitch angle reference is also lower than the default value, 
since the demand is much lower than the available wind 
power. When the wind speed increases to 13 m/s in presence 
of the fuzzy controller, the pitch reference is dynamically 
adjusted to restrict the wind power generation as shown in 
Fig. 12. The available wind power finally settles to 365 MW. 
The dynamically changing charging commands of the 
SmatParks by the fuzzy controller keeps the oscillation 
amplitude of the tie-line power flows much lower than 
without the controller, though they oscillate around different 
steady state values as discussed before. In this case, the 
oscillation could not be damped totally as in Case Studies 1 
and 2 due to the high value of initial SOC and the subsequent 
restricted use of the SmartParks and a lower value of pitch 
angle reference. The SOC for Case Study 3 is shown in Fig. 
13. It is observed that it is fast approaching towards the 80% 
limit which justifies the restricted use of the SmartParks as 
shock absorber. The similar phenomenon could be observed 
when the initial SOC is very low and (PW – PD) is large 
negative. Other than these two extreme regions, the 
SmartParks can perform quite well as shock absorber and 
higher amount of energy can be captured from the wind farm 
with the application of fuzzy logic based coordinated 
controller. 


























































































without fuzzy logic controller
with fuzzy logic controller
Time (sec.)  
Fig. 12. Performance comparison with and without fuzzy logic controller for 
demand = 180 MW, SOC = 70% and wind speed changed from 11 m/s to 13 
m/s 

















Fig. 13. The SOC during Case Study 3 
V.   CONCLUSION         
A fuzzy logic based coordinated control of wind farm and 
SmartParks is presented in this paper. The proposed 
controller can reduce the shock on the tie-line power flows 
during drastic variation of wind speed and wind gusts and 
also improve the stability of the system. A real-time model of 
a 12-bus power system with a large wind farm and six 
SmartParks is developed. The details of the design of the 
fuzzy logic based coordinated controller has also been 
discussed.  The performance of the fuzzy controller has been 
 demonstrated with different case studies and its effectiveness 
as shock absorber is compared with a system having no such 
coordinated control. It is also observed that the fuzzy logic 
based coordinated controller can also help to maximize the 
utilization of wind energy available at a particular wind 
speed. 
In order to optimize the performance of the SmartParks as 
shock absorbers especially during very high and very low 
state of charge conditions, the static rules of the fuzzy 
controller are not sufficient. In future, the effectiveness of the 
fuzzy controller with adaptive rules will be investigated. 
REFERENCES 
[1] W. Qiao, G. K. Venayagamoorthy and R. G. Harley, “Real-Time 
Implementation of a STATCOM on a Wind Farm Equipped with 
Doubly Fed Induction Generators”, IEEE Trans. Industry Application, 
vol. 45, no. 1, Jan/Feb 2009, pp. 98-107. 
[2] S. Teleke et al, “Control Strategies for Battery Energy Storage for 
Wind Farm Dispatching”, IEEE Trans. Energy Conversion, vol. 24, no. 
3, Sept. 2009, pp. 725-732. 
[3] W. Kempton, J. Tomić, “Vehicle-to-grid power fundamentals: 
Calculating capacity and net revenue,” Journal of Power Sources, 
Volume 166 Issue 2, 15 April 2007, pp. 549-566. 
[4] Y. Saber and G. K. Venayagamoorthy, “Intelligent unit commitment 
with vehicle-to-grid – a cost-emission optimization”, Journal of Power 
Sources, vol. 195, issue 3, Feb. 2010, pp. 898-911. 
[5] S. Jiang, U. D. Annakkage, and A. M. Gole, “A platform for validation 
of FACTS models,” IEEE Trans. Power Delivery, vol. 21, Jan. 2006, 
pp. 484–491. 
[6] R. Pena, J. C. Clare and G. M. Asher, “Doubly Fed Induction Generator 
Using Back-to-back PWM Converters and its Application to Variable-
speed Wind-energy Generation”, IET Proc. Electr. Power Appl., Vol. 
143, no. 3, May 1996, pp. 231-241. 
[7] W. Qiao, R. G. Harley and G. K. Venayagamoorthy, “Coordinated 
Reactive Power Control of a Large Wind Farm and a STATCOM 
Using Heuristic Dynamic Programming”, IEEE Trans. Energy 
Conversion, vol. 24, issue 2, 2009, pp. 493-503. 
[8] P. Mitra, G. K. Venayagamoorthy and K. Corzine, “Real-Time Study 
of a Current Controlled Plug-in Vehicle for Vehicle-to-Grid 
Transactions”, International Power Electronics Conference IPEC-
Sapporo2010, June 21-24, 2010. 
[9] P.C. Krause, O. Wasynczuk and S.D. Sudhoff, Analysis of Electric 
Machinery and Drive Systems, IEEE Press, 2002. 
[10] S. Mohagheghi, G. K. Venayagamoorthy, S. Rajagopalan and R. G, 
Harley, “Hardware Implementation of a Mamdani Fuzzy Logic 
Controller for a Static Compensator in a Multimachine Power System”, 
IEEE Trans. Industry Applications, vol 45, issue 4, 2009, pp 1535 – 
1544.  
 
